The solubility of calcium phosphate aqueous solution decreases with increasing temperature. In this investigation, hydroxyapatite (HAp) thin films were deposited on the various substrates applying this calcium phosphate solubility depending on the solution temperature, the solution temperature was kept at 10°C and the substrate temperature was kept about 80°C. HAp thin film with a single phase was deposited on Si wafer and metal Ti substrates. HAp and ¢-tricalcium phosphate mixture phase was observed for the film on YSZ substrates. All the resulting films were very dense, and the deposition rates of the films on all the substrates were 1015 nm/min.
Introduction
Hydroxyapatite (HAp) is the components of bones and teeth, and thus HAp is very familiar in biomedical implant sciences. HAp is used in various applications such as granules, rods, and bioactive coatings on metal substrates. 1) 6) Calcium phosphate exists many compounds, which are tricalcium phosphate (TCP), CaHPO4 (DCPA), HAp and so on. HAp is the most stable composition in calcium phosphate aqueous solution at pH of larger than 5, 7) thus; HAp can be obtained in a solution where pH is larger than 5. Furthermore, the HAp solubility decreases with increasing a solution temperature. 8) Thereby, it assumes that HAp particles or films can be obtained controlling the pH and the temperature of a calcium phosphate solution.
In previous reports, HAp coatings were formed from a vapor phase and a liquid phase. 9)12) These ways of HAp coatings from a liquid phase were as follows: (1) soaking a metal substrate in HAp aqueous solution, and heating the substrate by applying electric current to the substrates, 11) (2) soaking a substrate in HAp aqueous solution, and heating the substrate by laser irradiation to the substrate. 12) Both of the methods, HAp solubility around the substrate decreases and HAp film is coated on the substrate. The substrates are limited on both of the deposition methods, these are electrical conductive substrate for the method (1) or laser absorption substrates for (2) . In addition, on both of the methods, it assumed to be difficult controlling the substrate temperature because the substrate was soaked into the solution.
In this investigation, we tried HAp coatings on various substrates by a new method, the schematic description of the coating method was shown in Fig. 1 . A substrate was placed on the surface of solution, and the substrate and the solution temperature were controlled individually. The substrate temperature increased locally, and the solubility of the solution changed (decreased) around the substrate. Furthermore, it assumed to be employed almost substrates to form HAp or calcium phosphate coatings. In the present study, the HAp coatings were carried out on the Si wafer, metal Ti and YSZ by this method, and the crystallographic and the microstructure were evaluated for the deposited films.
Experimental procedure
Calcium acetate Ca(COO) 2 ·H 2 O (Kojundo Chemical Laboratory Co. Ltd.) and diammonium hydrogen phosphate (NH 4 ) 2 -HPO 4 (Wako Pure Chemical Industries, Ltd.) powders were used as starting materials. These powders were dissolved into pure water with the Ca/P ratio of 1.66. The concentration of the solution was 1.0 mmol/L of Ca at 10°C, and the concentration was the saturated concentration of hydroxyapatite. The solution adjusted to pH 8.0 using NH 3 aqueous solution with the concentration of 0.1 mol/L. Substrates were positioned at a top of the solution, and the schematic description of the deposition was shown in Fig. 1 . The substrate holder temperature was maintained at 100°C using a heater. Silicon wafer [10 mm©10 mm©0.4 mmt, (100) polished, Miyoshi Inc.], metal Ti (10 mm©10 mm©1 mmt, Kojundo Chemical Laboratory Co. Ltd.) and 3YSZ (15 mm©15 mm©2 mmt, Tosoh Corporation, hereinafter YSZ) were employed as substrates. The deposition was carried out for 1 to 30 h on these substrates, and the thin films were obtained. The substrate temperatures were evaluated using a radiation thermometer (Japan sensor TMHX-CS) as follows: (1) each substrate was positioned at the surface of the pure water with 10°C for ten minutes, where the substrate was heated using heater (100°C) (2) the substrate was removed from the solution (3) immediately the substrate temperature was observed using the radiation thermometer. The observed substrate surface temperatures of Si, Ti and YSZ were 89, 76 and 85°C, respectively.
The structures of the resulting films were characterized using a X-ray diffractometer (XRD, Rigaku Miniflex) with Cu K¡ radiation (30 kV, 15 mA). IR spectrum of the film was measured using a Fourier transform infrared spectrometer (Jasco FT-IR 660 plus). The contact angle of the substrates was evaluated by the sessile drop technique using ionized water. The microstructures of the resulting films were observed using a scanning electron microscope (SEM, JEOL JSM-6510).
Results and discussion
Calcium phosphate films were deposited on the various substrates, and the deposition was carried out for 130 h. Figure 2 demonstrates the (a) XRD patterns and (b) IR spectrum for the resulting films deposited on a silicon wafer substrate, and the deposition was carried out for 1 h. The resulting film was assigned to (220) and (400) planes of HAp (JCPDS 84-1998) from the XRD pattern [ Fig. 1(a) ]. IR measurement was also carried out for the same film [ Fig. 1(b) ]. IR absorption peaks were observed at 971, 1038, and 1100 cm ¹1 for the sample, which were attributed to phosphate stretching vibration in HAp. 13) The broad peaks at 566638 cm ¹1 were observed for the sample, which peaks were attributed to phosphate bending vibration in HAp. 13) From the XRD and IR results, the obtained film on the Si substrate was proved to be hydroxyapatite. Figure 3 depicts the XRD patterns for the resulting thin films on Ti substrates, and the deposition was carried out for 130 h. XRD peaks relate to calcium phosphate phases were not observed for the films for 110 h deposition, therefore; the structure of the as-prepared sample was characterized as amorphous. For the film for 2030 h deposition, HAp peaks with random orientation were observed. Figure 4 illustrates the XRD patterns for the resulting thin films on YSZ substrates. XRD peaks relate to calcium phosphate phases were not observed for the film for 110 h deposition. HAp and tri-calcium phosphate, ¢-TCP [Ca 3 (PO 4 ) 2 , JCPDS 70-2065] peaks were observed for the film for 2030 h deposition. In comparison with the films deposited on the other substrates, the XRD peak of the film on a YSZ substrate was broad, and it assumed to be low crystallinity of the resulting film on the YSZ substrate.
The contact angles of the Si, metal Ti and YSZ were observed, and the values were 50.7, 74.8 and 35.7°, respectively. The contact angle of a YSZ substrate was much smaller than the Si and Ti substrates, and thus YSZ substrate surface indicated hydrophilicity. At deposition, the substrates were placed at calcium phosphate aqueous solution surface, thus; the resulting calcium phosphate film on the hydrophilic YSZ substrate was different from the other Si and metal Ti substrates. In order to clear the deposition mechanism, further investigations are required, i.e. treatment of the substrate surface, and so on.
To evaluate the film thickness and the surface morphology of the resulting films, SEM observation was carried out. shows the SEM images of the films at the cross section and the surface, and the deposition time of all the films were 1h. The fine particles existed with dense for the film deposited on a silicon substrate [ Fig. 5(a) ]. The film surface was flat, and some fine grain was observed on the films surface [ Fig. 5(b) ]. The particles were not observed for the film deposited on a metal Ti substrate [ Fig. 5(c) ], and the resulting film was very dense. Some cracks were observed on the film surface deposited on the Ti [ Fig. 5(d) ]. For the film on the YSZ substrate, layer structure was observed [Figs. 5(e) and 5(f )], and the film was also very dense without pores. Film growth mode was different each other, and it assumed to be attributed to the hydrophilicity of each substrates. The deposition rate of the films on the substrates were evaluated by the film thickness and deposition time, and those were 10, 15 and 14 nm/min on the substrates of Si wafer, metal Ti and YSZ.
Conclusion
Calcium phosphate thin films were successfully deposited on a Si wafer, a metal Ti and a YSZ substrate utilizing the HAp solubility depending on a solution temperature. The calcium phosphate phases and the growing modes of the resulting films varied on the substrate, and all the deposited films were very dense. The deposition rates of the films on each substrate were 1015 nm/min, and the values were very close. Thus, deposition rate did not depend on substrates.
